The anionic forms of 26 drugs and organic model compounds have been extensively explored in the n-octanol/ water system using voltammetry at three-phase electrodes. The objective of this study was to validate the ability of this electrochemical system to give reliable values of lipophilicity for organic ions, as well as to gain more information on the lipophilic behaviour of anions in the n-octanol/water system. Results were used to clarify the solvation mechanisms responsible for ion partitioning and to compare the information obtained in the two solvent systems n-octanol/water and 1,2-dichloroethane/water.
Introduction
Although its important role in the pharmacokinetic behaviour of drugs, the partitioning of ions across two immiscible solvents has for a long time been neglected due to the lack of experimental methods well-adapted to its measurement. Classical experimental methods such as potentiometry in biphasic systems or the shake-flask method provide only apparent partition coefficients, not reliable for a use in structure-property relationships since they strongly depend on experimental conditions such as on phase-volume ratio or on supporting electrolytes. 1 The recent introduction of cyclic voltammetry at the liquid/liquid interface in medicinal chemistry has solved this lack and improved our understanding of the lipophilicity of ions and of their mechanisms of transfer at biphasic interfaces. 2 Unfortunately, this method requires the use of a polarizable interface, rendering the reference solvent system n-octanol/water inadequate.
The n-octanol/water partition coefficient (log P oct ) has been widely used in quantitative structure-activity relationships (QSAR). It is still extensively employed in pharmacology to predict the bioactivity of drugs and even to drive drug projects, 3 since it exhibits interesting superficial similarity with lipids: a long alkyl chain plus a functional group having both hydrogen-bond accepting and -donating characteristics.
Recently a new electrochemical methodology has been developed using the oxidation of an electroactive compound dissolved in a droplet of organic solvent, attached to a graphite electrode immersed in the aqueous solution of the respective alkali salts of the studied anions. This approach has been exploited to study the transfer of monoanionic organic compounds, 4 as well as of amino-acids and small peptides 5, 6 across the nitrobenzene/water interface. This methodology was also employed for quantitative chiral recognition of D-and L-amino-acid anion transfer across the chiral, organic liquid/ water interface. 7 The transfer of the studied ion from the aqueous to the organic phase is driven by the oxidation of the electroactive compound in the droplet in order to maintain the electroneutrality of the organic phase (see Fig. 1 ). Recently this method was also successfully used to measure for the first time, the standard Gibbs energies of transfer of many inorganic and organic ions at the n-octanol/water interface. 8 In the present work, the anionic forms of 26 drugs and organic model compounds (see Fig. 2 ), previously extensively studied in the 1,2-dichloroethane/water system, 1 have been explored using this new electrochemical method in the n-octanol/water system. The objective of this study was to validate the ability of this electrochemical system to give reliable values of liphophilicity for organic ions. It was also to gain more information on the lipophilic behaviour of anion in the n-octanol/water system in order to clarify the solvation mechanisms responsible for their partitioning and to compare the information obtained in the two solvent systems n-octanol/water and 1,2-dichloroethane/water.
Materials and methods

Compounds and reagents
All the studied compounds were purchased from Fluka (Buch, Switzerland), except sulfinpyrazone (kindly donated by Novartis Pharma, Basel, Switzerland). n-Octanol was purchased from Acros Organics (Geel, Belgium). All other chemicals were of analytical grade and supplied by Fluka.
Electrochemical method
A 0.05 mol L À1 solution of decamethylferrocene (noted dmfc) was prepared by dissolving in water-saturated n-octanol. A droplet of this solution (2 mL) was attached to the surface of a paraffin-impregnated graphite electrode with the help of an Eppendorf-type pipette and immersed into an n-octanol-saturated aqueous solution of 0.01 or 1.0 mol L À1 drug dissolved in 1 mol L À1 NaOH or in 0.5 mol L À1 buffer of sodium hydrogen phthalate and HCl (for maleic acid only). Square-wave voltammograms were recorded using the electrochemical measuring system mAUTOLAB (Eco-chemie, Utrecht, Netherlands). An Ag/AgCl/saturated NaCl solution reference electrode was used and a platinum wire served as auxiliary electrode.
At this stage, it is worth pointing out that the presence of the three-phase junction line in the current set-up is a prerequisite step for following the ion transfer across the n-octanol/water interface. Due to the absence of supporting electrolyte in the organic phase, the applied potential can only act at that three-phase boundary line, inducing the electrochemical reaction of dmfc in octanol, simultaneously coupled with the anion transfer across the n-octanol/water interface. 6 At equilibrium, the potential difference E between the carbon and the Ag/AgCl electrodes is the sum of the contributions from the redox potential of dmfc/dmfc + and from the Galvani potential difference at the n-octanol/water interface.
where E 0 dmfcþ=dmfcðoÞ is the standard redox potential of the couple dmfc + /dmfc in the organic phase; F is the Faraday constant (96 500 C mol À1 ), R is the gas constant (8.31 J mol À1 K À1 ) and T the temperature in Kelvin; a dmfc(o) and a dmfc + (o) are, respectively, the activities of dmfc and dmfc + in the organic phase; D w o f is the Galvani potential difference between the aqueous and the organic phases.
Due to the absence of supporting electrolyte in the organic phase, the electrode reaction of the electroactive compound (dmfc) in the organic phase must be accompanied by an anion transfer across the liquid/liquid interface in order to preserve the electroneutrality of the organic phase. When the concentration and the lipophilicity of the studied anion is sufficient, the Galvani potential difference D w o f is fixed by the partitioning of the anion A À between the aqueous and the organic phase. Then eqn. (1) can be written as follows:
where D where c dmfc + (o) and c A(o) are, respectively, the concentration of dmfc + and A in the organic phase. Then combining eqns. (2) and (3), the formal redox potential (E f ) of the couple dmfc + /dmfc in the organic phase (which corresponds to the equivalent activities of dmfc and dmfc + ) is given by:
where a* dmfc(o) is the initial concentration of dmfc in n-octanol.
The absence of kinetic effects regarding the electronic or the ionic transfer allows the assumption that the voltammetric response is under thermodynamic control. 9 Eqn. (4) shows that in these experimental conditions the formal oxidation potential of dmfc in the organic phase (E f ) depends on the nature and the concentration of the transferring anion in aqueous phase. The detailed experimental procedure is described elsewhere. 
Results and discussion
The oxidation of dmfc in the three-phase arrangement n-octanol/electrode/water induces a well-defined square-wave voltammetric response with a peak potential depending on the nature and the concentration of the anion in the aqueous phase, confirming the validity of eqn. (4). Fig. 3 shows the square-wave voltammetric response recorded in the 0.1 mol L À1 aqueous solution of flurbiprofen, 2,5-dinitrophenol, pirprofen, suprofen and p-iodobenzoic acid. The peak potential is used to calculate the standard transfer potential, the standard Gibbs energy of transfer and the standard partition coefficient of the studied anion, using eqns. (4), (5) and (6) . It is worth noting that four measurements were performed for each concentration of the studied compounds and the mean values of the peak potentials were used for calculating the standard Gibbs energies of transfer. The standard deviation of the peak potentials was 3.6 mV (n ¼ 14), which means that the standard deviation of the calculated Gibbs energies of transfer is 0.35 kJ mol À1 . The results obtained in n-octanol/water are given in Table 1 ; they are compared with results obtained in 1,2-dichloroethane/water system in eqn. (7) Eqn. (8) shows that the introduction of these five inorganic ions does not change noticeably the quality of the statistic parameters, confirming the ability of square-wave voltammetry at the three-phase junction to measure the standard lipophilicity of both small inorganic and large organic anions. 
These results shows that, for the 30 studied anions, the range of lipophilicity in n-octanol/water system (log P 0;A oct between À6.3 and À3.2) is narrower than the range in 1,2-dichloroethane/water (log P 0;A dce between À8.9 and À1.5), indicating that the difference of solvation energy of anions between water and n-octanol is smaller than the difference between 1,2-dichloroethane and water. This observation is due to the amphiphatic nature of n-octanol, since at 25 C the solubility (6) .
of water in n-octanol may be taken to be 0.275 mole fraction and for n-octanol in water, 7.5 10 À5 mole fraction. 12 A saturation mole fraction of water in n-octanol of 0.275 means that, on average, for every 100 molecules of n-octanol there are 38 water molecules present, rendering n-octanol relatively hydrophilic. Recent simulations based on continuum solvation models showed that both electrostatic and non-electrostatic terms have a similar contribution to the free energy of solvation of polar solutes, evidencing the balance between hydrophilic and lipophilic characteristics of n-octanol as bulk solvent. 13 Anionic carprofen has a different behaviour than other profen anions, due to its H-bond donor capacity. Its experimental standard lipophilicity in n-octanol/water is higher by 1.7 log P units than predicted by eqn. (7), confirming the results obtained for neutral H-bond-donor and non-H-bond-donor compounds. 1 According to the 2 different potential scales used to calculate the standard transfer potentials (tetraphenylarsonium tetraphenylborate (TATB) assumption for 1,2-dichloroethane/ water, and calibration curve in alcohol/water system for noctanol/water), the absolute values of log P standard for anions cannot be compared since the log P scales are different in the two solvent systems.
The strong relationship existing between diff(log P NÀA dce ) and the delocalization of the negative charge of anions was described in ref. 1. A similar relationship is observed in n-octanol/water (see Fig. 5 ), showing that a strong delocalization of the negative charge (for example, in phenolate) induces a stabilisation of the anion in n-octanol and then increases the lipophilicity of the anion. Conversely, for anions with a lessdelocalized negative charge (i.e., benzoic acid), the lipophilicity of the anion decreases.
In conclusion, the present study demonstrated the validity of square-waved voltammetry at a three-phase junction to measure the standard partition coefficients of anionic drugs at the n-octanol/water interface. Work is in progress to extend this method to the measurement of cations with the same experimental set-up. The reliability and the simplicity of this approach should be valuable in medicinal chemistry since the understanding of the nature of solute-solvent interactions in aqueous and organic environments is crucial for the determination of the biological profile of chemical compounds. Table 1 , as well as for thiocyanate, nitrate, chloride, bromide and iodide anions (values taken from literature 8, 10, 11 ). Fig. 5 Schematic representation of the relationship between the parameter diff(log P NÀA oct ) and the ionized functional group. For each functional group, the mean value of diff(log P NÀA oct ) is given in brackets.
